Atmospheric pressure capillary dielectric barrier oxygen discharge plasma jet is developed to generate nonthermal plasma using unipolar positive pulse power supply. Both electrical and optical diagnostic techniques were used to characterize the produced plasma as functions of applied voltage and gas flow rate. Electrical diagnostics indicated that the discharge frequency decreased with gas flow rate but increased with the applied voltage. Analytical results obtained from the optical emission spectroscopic data revealed the gas temperature, excitation temperature and electron density. Gas temperature was found to decrease with increasing oxygen flow rate but increase linearly with applied voltage. The produced plasma was applied preliminarily to study the inactivation yield of Fusarium oxysporum fungus infected potato samples.
INTRODUCTION
Atmospheric pressure dielectric barrier discharge plasma jets (APDJ) have drawn great interest to the researchers in the recent years. Researchers are conducting researches of APDJs in the field of biology (e.g. inactivation of fungus, virus, bacteria, tumour, cancerous cell, etc.), chemistry (e.g. barrier coatings on polymers, carboxyl functionalization, deposition of fluorocarbon films, and so on) (d 'Agostino et al. 2005) and surface treatments (e.g. plasma cleaning, plasma sterilization, treatment of fabrics and fibers, and so on) (Roth 2001) . The APDJs produce a large number of ions, reactive species and free radicals because the energetic electrons enhance the gas chemistry. APDJs are able to generate nonthermal plasma, with low gas temperature and high electron temperature, in open space rather than in a confined discharge chamber without any arrangement for controlling pressure inside the chamber. Another advantage is that the size and position of the sample to be treated is not a factor and the plasma jet can be applied on the sample directly. Several parameters can control the properties (Zhang et al. 2015 , Ionascut-Nedelcescu et al. 2008 ) of APDJ such as jet geometry, type of dielectric, excitation frequency, type of power source and gas composition including gas flow rate. Due to low gas temperature, APDJs do not cause thermal damage to heatsensitive biological (Stoffels et al. 2006 ) systems such as living tissues and cells. These application processes can be enhanced and controlled by better understanding the properties of the produced plasma. Because, the gas flow dynamics are different (Zhang et al. 2015) in each type of jet due to jet structure with nozzle geometry, Reynolds number and initial velocity. The objective of this work was to develop and investigate the properties of the produced plasma jet for biological applications.
Gas temperature (T g ), electron density (n e ) and electron temperature (T e ) are the three fundamental properties of plasmas and have their significant effects on the operation and maintenance of gas discharge. In most biological applications (Fridman et al. 2013) of APDJs, T g has a significant influence (Park et al. 2010) on the sample to be investigated, so that T g needs to diagnose more precisely in order to attain at room temperature and to maintain highly stable for efficient chemical reactions to meet the pertaining requirements. Electrical and optical characterizations are carried out for understanding the properties of the APDJ.
Experimental setup for the production and measurements of APDJ plasma has been presented. Analytical results and discussion concerned with the measurements are also discussed in the text.
MATERIALS AND METHODS
The schematic diagram of the experimental setup of APDJ is shown in Fig. 1 . It consists of a high voltage power source, plasma jet, and oxygen (O 2 ) gas cylinder incorporating with a gas flow controller. The voltage, power and frequency of the power supply are approximately 4kV, 100W and 60 kHz, respectively. The power supply can be operated both in unipolar positive and bipolar modes as necessary. The jet is made using pyrex glass tubes. Length, outer and inner diameters of the capillary tube are 15, 1.4 and 0.9 mm, respectively. The inner electrode, made of a 0.50 mm diameter copper wire, is placed inside the capillary tube. A cylindrical outer electrode, made of copper tube of 14. mm inner diameter, is placed outside the capillary tube. Spacing between the inner electrode and the inner surface of the capillary tube is maintained at 0.2 mm. The inner and outer electrodes are connected with the high voltage power supply as shown in Fig.  1 . The electrodes are arranged such that the cross-electric field can prevail within the electrode gap. Unipolar positive voltage pulse is applied across the electrodes. Our experimental setup is different from that of Thiyagarajan et al. (2013) in that they used linear-field type electrode configuration with bipolar sinusoidal type voltage source having different source parameters. In our setup, commercial grade O 2 gas (99.65%) is fed through the upper side of the inner glass tube from the O 2 gas cylinder. The flow rate of O 2 gas is controlled by a gas flow controller (KIT 115P). The voltage across the electrodes is measured with an oscilloscope (GDS 1022) in combination with a high voltage probe (HVP -08). The current flowing through the plasma is measured by a current probe (CP -07C). Emitted spectrum from the produced plasma is fed to the spectrometer (USB 2000 + XR 1) through a 200 cm long optical fiber cable. The spectrometer is associated with a computer for spectral data acquisition. At different applied voltages and O 2 gas flow rates, the corresponding discharge voltages, currents and emitted spectra are recorded in order to study the properties (Flatin et al. 1999) of the APDJ discharges.
Typical discharge voltage and current waveforms of the APDJ measured at 2.5 kV with O 2 flow rate of 3 lpm are shwon in Fig. 2 . The recorded emission spectrum along with the identified major peaks of the species is given in Fig. 3 . The analytical results are discussed in the following sections. 
RESULTS AND DISCUSSION
The voltage is applied to the inner electrode and O 2 gas is injected into the capillary jet. With increasing the applied voltage to some extent, breakdown of O 2 gas is occurred. In order to observe electrical characteristics of the produced plasma the discharge voltage and current waveforms (Xiao et al. 2014 , Ni et al. 2008 are displayed in Fig. 2 (a). The discharge current is obtained by using following equation (Rusterholtz et al. 2013 )
( 1) where I tot , I diskp. and I dis. are total current (with plasma discharge condition), displacement current (without plasma discharge) and discharge current respectively, and their corresponding waveforms are shown in Fig. 2 
(b).
The production and maintenance of the capillary O 2 DBD plasma jet are found to be sensitive to the applied voltage and gas flow rate. The electronegative O 2 gas plays a significant role of plasma discharges in air (Raizer et al. 1991) . Generally, breakdown of O 2 gas occurs from several microdischarges that are randomly spread in time and space at atmospheric pressure DBD plasma jet (Thiyagarajan et al. 2013) . The DBD plasma is produced with increased O 2 gas flow rate but it looks filamentary-like at the flow rate lower than 2 lmp. It is seen from Fig. 2 that the discharge current starts to flow when the applied voltage pulse attains a certain voltage level. Energetic electrons, because of gaining kinetic energy from the applied electric field, excite oxygen species to higher energy levels through inelastic collisions during the drifting process of the electrons. When the applied electric field is greater than the critical value of breakdown, electrons move toward the power electrode and hence the electron density increases through electron avalanche process (Li et al. 2013) . However, the discharge current flows as soon as the conduction channel is formed in the discharge gap and hence the discharge voltage approaches near zero across the electrode gap. This process repeats in each cycle of the discharge voltage pulse.
It was observed during experiment that the plasma discharge volume increases with growing O 2 gas flow rate. The discharges appear intense within the electrode space and much weaker outside the electrode region. This occurs in such a cross-field capillary DBD jet plasma discharge due to the monotonic decay of electric field results from spatially confined gas ionization in the electrode region. The applied voltage with rapid oscillation provides radially directed momentum to the electrons, and hence it is difficult for electrons to be transported axially toward the downstream (Walsh and Kong 2008) of the capillary tube. The operating frequency plays a significant role for the formation and maintenance of the discharge at atmospheric pressure DBD plasma jet. Fig. 4 shows the effect of gas flow rate and applied voltage on the discharge frequency. The discharge frequency spectrum is determined (Arkhipenko et al. 2013) by taking the Fourier transformation of the discharge current. The frequency spectrum indicates that the atmospheric pressure DBD plasma consists of many micro-discharges as mentioned earlier. However, in the plot, it is taken into account only that frequency which contains highest amplitude. The discharge frequency of the produced plasma changes with the change in applied voltage and gas flow rate. The drifting velocity of the spatial charges is related to the electric field and hence the spatial charges are accumulated to the power electrode. With increasing electric field, the drifting velocity of the spatial charges is also increased and hence the discharge frequency increases with the increase of applied voltage (Li et al. 2013 ). This phenomenon is counteracting the increased O 2 gas flow rate with discharge frequency. This can be attributed with the Reynolds number
and  d are the gas density, gas velocity, characteristic length and dynamic viscosity, respectively. The Reynolds number increases with increasing O 2 gas flow rate (Zhang et at. 2015) . It is seen from the above relation that the density of O 2 gas at the exit of the jet nozzle increases with increasing the Reynolds number and hence the electric field threshold for O 2 gas breakdown increases. As a result, the discharge frequency decreases with increasing O 2 gas flow rate.
For plasma diagnostics, Langmuir probe at atmospheric pressure (Talukder et al. 2002) provides better accuracy. But, due to small plasma volume and the structure of the jet in present experiment, the probe technique is not suitable for the diagnostics of the produced plasma. Hence, the optical emission spectroscopic (OES) technique is applied to analyze the properties of plasma at atmospheric pressure. The basis of OES data analyses for the determination of T g and n e are the line broadenings due to Doppler and Stark effects. While the electronic excitation temperature (T exc ) is determined using Boltzmann plot method. In order to have an in-depth understanding of APDJ, characteristics of the discharges are studied as function of voltage applied and gas flow rate to find out suitable experimental conditions for the expected biological application.
The species produced in the plasma are identified using the NIST database and the plasma parameters are estimated analyzing the spectra. In Fig. 3, a is also produced due to the interactions of the plasma species concerned with the air molecules. It is found from Fig. 3 that the emission lines of O atoms at 395.19 nm and 776.06 nm contain high intensity in the spectra. This indicates that the density of O atoms is much higher than any other species observed. Because the O atoms are produced dominantly through collisions R2, R4 and R5, as mentioned in Table 1 , due to their high production rate coefficients (Lieberman et al. 1994 , Moravej et al. 2006 ) with other species involved in the collision processes. It is well known that the broadenings of emission line profiles are the consequences from the contribution of different interaction mechanisms of the particles concerned. The Doppler broadening ( Doppler ) and the instrumental broadening ( inst ) produce a profile that appears to as the Gaussian profile (G()). On the other hand, the natural ( nat ), resonance ( res ), Van der Waals ( vdw ), and Stark ( stark ) broadenings can be approximated by Lorentzian profiles (Laux et al. 2003 
) (L()). Thus, each broadened line contains Doppler and Stark broadenings so that the Voigt function (B())is the convolution of the Gaussian and Lorentzian functions (Ionascu-Nedecescu et al. 2008).
The Gaussian and Lorentzian line emission for full width at half maximum (FWHM) can be written as (Belostotskiy et al. 2010 , Gil et al. 2007 ,
and
respectively. The  inst is the resolution of the spectrometer taken into consideration in the analysis. For example, from the Voigt fit as shown in Fig. 5 , the FWHM of Gaussian profile  G = 1.50002 nm is obtained and then using Eq. (2)  Doppler = 0.0068 nm is determined. In a similar way, the Stark broadening  Stark = 0.0245 nm is obtained from the Lorentzian profile using Eq. (3) to determine electron density. ) of the emitter and T g is the gas temperature (K). It is important to infer the appropriate gas temperature for biological application of the APDJ, as mentioned earlier. In the present study, emission of H  (4d -2p) line at 486.12 nm is used for the determination of T g . The upper and lower limits of temperatures are estimated from the data provided by the fitting software. The estimated errors are found in the range from 15% -25%. Fig. 6 shows the effect of gas flow rate on T g at different discharge voltages. It is observed that T g is decreasing with increasing gas flow rate. Gas flow plays a significant role in carrying Joule heat (Raizer et al. 1991) out from the discharge region. The reason of decreasing T g arises due to the fact that the transit time of the oxygen species becomes shorter within the electrode gap where strong electric field exists. The electrons gain energy from the electric field in this gap and releasing energy to gas species through electron-neutral momentum transfer collision process. According to our experimental conditions when the gas flow rate is lower than 2 lpm, heat is dominantly removed by conduction (Li et al. 2009 ) through the capillary tube wall. While the gas flow rate is greater than 2 lpm, the effect of gas flow on cooling the T g becomes dominant through convection process which is proportional to the gas flow velocity. Hence T g decreases with increasing gas flow rate. On the other hand, T g increases with voltage, because electrons are collecting more energy from the increased electric field and transferring this energy to neutral particles through electron-neutral momentum transfer collision process. Thus, T g increases with increasing voltage but decreases with increasing gas flow rate.
This result is found similar to that obtained by Ionascut-Nedelcescu et al. (2008) and Li et al. (Li 2009 ).
Electron density: Interactions of electrons with ions are responsible (Moravej et al. 2006) for Stark broadening, but electrons play significant role due to their lower masses and higher relative velocities. During OES data analyses, it is obtained that the contributions of  nat and  res are found negligible, but the dependence of  vdw is on average 30% on  L . Thus, the value of  vdw is subtracted from  L in order to obtain  Stark . However, the simplified form for the determination of n e using H  line profile is expressed as (Huddlestone et al. 1965)  Strak = 2.5  10 -10 n e 2/3 (nm)
where n e is in cm -3 and  is the ion broadened parameter. The values of  are obtained from the least square curve fitting of the Voigt profiles and found consistent with the tabulated data of Griem et al. (Griem 1964) . Figure 7 shows the effects of voltage and O 2 gas flow rate on electron density n e . With increasing voltage, the electrons gain more energy from the enhanced electric fields and the ionizing collisions between electrons and neutrals become more frequent. Alternatively, the higher the value of electron temperature, the more effectively ionizes the neutrals causing abundant production of electrons. Therefore, most of the energies of the electrons, as gained from the electric field, being transferred to the oxygen species within the electrode gap through ohmic heating (Moon et al. 2002) and thereby producing more electrons and consequently n e increases with increasing voltage at constant O 2 flow rate. On the other hand, the electron density increases as the O 2 gas flow rate increases. Since oxygen is an electronegative gas and have relatively low threshold excitation level. As mentioned earlier that a large number of oxygen atoms are produced in the constricted region of the jet nozzle with the increased gas flow rate. Due to the existence of strong electric field in the jet nozzle region, the energetic electrons collided with atomic oxygen species through reactions R3, R4 and R6 (Lieberman et al. 1994 , Moravej et al. 2006 and produce a huge number of electrons with increased gas flow rate. Furthermore, it is also evidenced from the recorded spectra of Fig. 3 that a significant number of positive oxygen ionic species are created which is an indication of the increased electron density. This dependence of electron density on gas flow rate is similar to that described by Moon et al. (2002) , but is different from the findings of other atmospheric pressure plasma experiments (Alvarez et al. 2004 ).
Excitation temperature is considered as the electron temperature in atmospheric pressure plasma (Capitelli et al. 2000) . For the determination of T exc , Boltzmann plot is a simple and widely used method. In this method, the atomic transitions having large energy difference between the upper level (E j ) and the ground level are considered. Assuming that the atomic level population follows Boltzmann distribution, the emission intensity I ji can be expressed (Ovsyannikov and Zhukov 2005) as In this experiment, the spectral lines of O + at their emission wavelengths are selected. The transition parameters required for the determination of T exc are collected from the NIST database (NIST). The Boltzmann plot and a linear fit are performed as shown in Fig. 8 , for an example. The effect of gas flow rate on T exc for different voltages is displayed in Fig. 9 . It is observed that T exc decreases with increasing gas flow rate. This can be attributed with the Reynolds number as mentioned earlier. In one hand, with increasing gas density, the mean free path is reducing that is electron-neutral collision frequency is increasing and hence electron excitation temperature is decreasing with increasing gas flow rate. On the other hand, with increasing applied voltage, electric field intensity in the electrode gap increases and hence electrons collect more energy from the enhanced electric field. As a result T exc increases with the increase of voltage. T exc in the plasma is almost linearly proportional to the electric field intensity. Uhm et al. (Uhm 2000) contributed similar results in their experiments. 
CONCLUSION
Atmospheric pressure dielectric barrier discharge plasma jet is developed using capillary tube with oxygen as the working gas in order to generate nonthermal plasma for biological applications. Optical emission spectroscopy is used to diagnose the produced plasma. The spectral line broadening due to Doppler broadening and Stark broadening of H  line is used to determine T g and n e . It is found that n e is increases with increasing gas flow rate. T exc is determined from O + line emission employing Boltzmann plot method. It is found that T g decreases with increasing O + flow rate due to shorter transit time to transfer energy through electron-neutral collisions. T exc is also decreasing with gas flow rate. The effect of voltage shows that all the parameters are increasing with the increase of discharge voltage. Electrical measurement reveals that the discharge frequency decreases with increasing gas flow rate, but increases with applied voltage. Finally reactive oxygen species (ROS) of APDJ is applied on Fusarium oxysporum fungus affected potato samples and it provides an initial effective result. Further study is going on to complete the expected application with this jet. 
